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(57) ABSTRACT

A method of controlling a rectifier includes receiving a gain
factor, receiving a ramp interval, and generating a rectifier
switch control voltage. The rectifier switch control voltage is
an over-modulated rectifier switch control voltage generated
by a pulse width modulator using the gain factor. The
amount of over-modulation in the rectifier switch control
voltage is decreased during the ramp interval for reducing
transient voltage overshoot events at the start of active
rectification.
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1
SYSTEMS AND METHODS FOR
CONTROLLING ACTIVE RECTIFIERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present disclosure relates to power conversion, and
more particularly to controlling active rectifiers for convert-
ing alternating current into direct current.

2. Description of Related Art

Rectifiers convert alternating current (AC) voltage into
direct current (DC) voltage. Some rectifiers employ solid-
state devices like diodes and transistors to rectify input AC
voltage into DC voltage. Diodes are passive devices that
allow input AC current to flow in one direction and oppose
current flow in the opposite direction. Transistors are active
devices that electrically open and close in response to a
control voltage applied to the device. Some types of solid-
state rectifiers convert input AC voltage into DC voltage in
a passive mode, using diodes, and in an active mode, using
switch devices.

One challenge to active rectification is controlling the
output DC voltage active rectification begins. Ideally, the
rectifier output DC voltage should transition to the com-
manded value of the output DC voltage without overshoot-
ing the commanded voltage value when active rectification
begins. However, in certain types of rectifiers, the start of
voltage regulation using active rectification can cause the
output DC voltage to overshoot the voltage target. Such
transient voltage overshoots can potentially damage the
load. Conventional electrical systems therefore typically
include supplemental circuitry or devices rated for higher
voltage than otherwise required for mitigating the effect of
such transient voltage overshoot events.

Conventional methods and systems have generally been
considered satisfactory for their intended purpose. However,
there is still a need in the art for improved systems and
methods for controlling active rectifiers. The present disclo-
sure provides a solution for this need.

SUMMARY OF THE INVENTION

A method of controlling a rectifier includes receiving a
gain factor, receiving a ramp interval, and generating a
rectifier switch control voltage. The rectifier switch control
voltage is an over-modulated rectifier switch control voltage
generated by a pulse width modulator using the gain factor.
Over-modulation of the rectifier switch control voltage is
decreased during the ramp interval for reducing transient
voltage overshoot events at the start of active rectification.

In certain embodiments decreasing the gain factor can
include decreasing the gain factor linearly during the ramp
interval between the start and end of the ramp interval.
Over-modulating the switch control voltage can include
decreasing a gain factor of about 2 at the beginning of the
ramp interval to about 1 at the end of the ramp interval. The
gain factor can be held constant following tolling of the
ramp interval.

In accordance with certain embodiments the method can
include determining whether to actively or passively rectify
received AC voltage. The method can include detecting an
end of regulation, disabling the pulse width modulator, and
passively rectifying received AC voltage. The pulse width
modulator can be disabled (e.g. set to a low logic value)
immediately upon detecting an end of regulation, e.g. an end
of active rectification. It is contemplated the method can
include detecting a beginning of regulation prior to tolling of
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the ramp interval, enabling the pulse width modulator, and
actively rectifying received AC voltage.

It is also contemplated that in accordance with certain
embodiments the method includes receiving a carrier wave-
form, receiving a modulator waveform, and scaling the
modulator waveform using the gain factor. The scaled
modulator waveform can be full-wave rectified. The full-
wave rectified, scaled modulator waveform can be inverted,
shifted, and compared with the carrier waveform. A rectifier
switch control voltage can be formed from the compared
waveforms that is high when the scaled, full-wave rectified,
inverted and shifted modulator waveform has a greater
voltage than the carrier waveform. The rectifier switch
control voltage can be formed such that the voltage is low
when the scaled, full-wave rectified, inverted and shifted
modulator waveform has a lower voltage than the carrier
waveform. It is further contemplated that the scaled modu-
lator waveform can have a modulation index greater than
100%, such as about 200% for example, the modulation
index corresponding to a ratio of a peak amplitude of the
scaled modulator waveform to a peak-to-peak amplitude of
the carrier waveform. The gain factor can correspond to a
proportional increase in the modulation index, for example
an incipient modulation index of about 90% in combination
with a gain factor of about 2 induces a resultant modulation
index of about 180%.

A rectifier system has a processor communicative with a
memory. The memory has instructions recorded on it that,
when read by the processor, cause the processor to receive
a gain factor, receive a ramp interval, over-modulate a
rectifier switch control voltage generated by a pulse width
modulator using the gain factor and decrease the modulation
index of the switch control voltage during the ramp interval
by reducing the gain factor.

In embodiments, the instructions further cause the pro-
cessor to receive a carrier waveform, receive a modulator
waveform, scale the modulator waveform by the gain factor,
full-wave rectify the scaled modulator waveform, invert and
shift the full-wave rectified modulator waveform, and com-
pare the scaled, full-wave rectified, inverted and shifted
modulator waveform with the carrier waveform to form the
rectifier switch control voltage. The rectifier switch control
voltage can be high when the inverted modulator waveform
is greater than carrier waveform. The rectifier system can
include a VIENNA rectifier with both diodes and transistors.
The rectifier system can passively rectify input AC current
using rectifier diode circuitry, detect a start of regulation,
actively rectify input AC current using switches within the
circuitry and detect an end of regulation. It is contemplated
memory can include a gain factor generator module, a
multiplier module, a full-wave inverter module, a summing
module, and a comparator communicative with one another.

These and other features of the systems and methods of
the subject disclosure will become more readily apparent to
those skilled in the art from the following detailed descrip-
tion of the preferred embodiments taken in conjunction with
the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

So that those skilled in the art to which the subject
disclosure appertains will readily understand how to make
and use the devices and methods of the subject disclosure
without undue experimentation, preferred embodiments
thereof will be described in detail herein below with refer-
ence to certain figures, wherein:
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FIG. 1 is a circuit diagram of an exemplary embodiment
of a rectifier constructed in accordance with the present
disclosure, showing controller connected to the rectifier;

FIG. 2 is a process diagram of a method for controlling the
rectifier of FIG. 1, showing processes for passively and
actively rectifying alternating current (AC) voltage;

FIG. 3 is a process diagram of a method for actively
rectifying AC voltage using the rectifier of FIG. 1, showing
processes for over-modulating a pulse width controller
(PWM) waveform;

FIG. 4 is a graph of a modulator waveform used for
generating the PWM waveform of FIG. 3, showing modu-
lator waveforms following application of a gain and follow-
ing a negative waveform portion inversion step;

FIG. 5 is a graph of the modulator and a carrier waveform
used for generating the PWM waveform of FIG. 3, showing
modulator waveform following inversion and shifting of
positive waveform portions for comparison with the carrier
waveform;

FIG. 6 is a graph of the PWM waveform generated using
the method of FIG. 3, showing extended intervals of low
values induced by the gain applied to the modulator wave-
form; and

FIG. 7 is a block diagram of the PWM controller of FIG.
1, showing modules of the controller.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Reference will now be made to the drawings wherein like
reference numerals identify similar structural features or
aspects of the subject disclosure. For purposes of explana-
tion and illustration, and not limitation, a partial view of an
exemplary embodiment of an active rectification system in
accordance with the disclosure is shown in FIG. 1 and is
designated generally by reference character 100. Other
embodiments of rectification systems and methods in accor-
dance with the disclosure, or aspects thereof, are provided in
FIGS. 2-7, as will be described. The systems and methods
described herein can be used in power converter systems,
such as multi-level rectifiers for example.

With reference to FIG. 1, rectifier system 100 is shown.
Rectifier system 100 includes an active rectifier 110 con-
nected between an alternating current (AC) power source 10,
a direct current (DC) load 20, and a pulse width modulation
(PWM) controller 150. AC power source 10 includes a first
AC source V,,, a second AC source V,, and a third AC
source V. that provide collectively provide a three-phase
AC voltage to rectifier system 100. AC voltage sources V_,
V,, and V_ are connected to rectifier 100 through inductors
L,, L, and L, respectively. PWM controller 150 is config-
ured and disposed to control voltage at load 20 using
gate-drive circuitry of rectifier 110. PWM controller 150
includes processor 152 communicative with a memory 154.
Memory 154 is a non-transitory machine readable medium
with instructions recorded thereon that, when read by pro-
cessor 152, causes the processor to undertake certain opera-
tions as further discussed below. As also illustrated in FIG.
1, rectifier 110 is a three-phase, three-level active switching
rectifier that may be realized using a VIENNA rectifier.
However, it should be understood that example embodi-
ments are not limited to the illustrated rectifier topology as
any suitable three-phase three-level active rectifier may be
used according to any desired implementation.

Rectifier 110 includes at least three switches, specifically
a first switch S,, a second switch S,, and a third switch S;.
First switch S, is surrounded by a first balanced diode bridge
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120. Second switch S, is surrounded by a second balanced
diode bridge 130. Third switch S, is surrounded by a third
balanced diode bridge 140. First diode bridge 120 is con-
nected between a first diode D, and a second diode D,.
Second diode bridge 130 is connected between a third diode
D; and a fourth diode D,. Third diode bridge 140 is
connected between a fifth diode D and a sixth diode Dy
Each of first switch S,, second switch S,, and third switch
S, are configured and adapted to electrically switch between
at least an on-state and an off-state controllable by a control
signal received from PWM controller 150, thereby realizing
three-level switching and active rectification using switches
with two states. As illustrated, the PWM controller 150 is in
operative communication with first switch S, second switch
S,, and third switch S;. During operation, PWM controller
150 directs each of first switch S,, second switch S,, and
third switch S; to change between on and off states based
upon a PWM control scheme as described herein.

With reference to FIG. 2, a computer-implemented
method 200 of controlling an active rectifier, e.g. rectifier
110, is shown. Method 200 includes a step 210 for deter-
mining whether to start regulation. Step 210 includes choos-
ing one of selecting a passive regulation mode and active
regulation mode. In passive regulation mode, input AC
voltage is converted to DC voltage solely using diodes, e.g.
diode bridges 120, 130 and 140. In active regulation, input
AC voltage is converted to DC voltage by switching solid-
state switches, e.g. switches S1, S2, and S3, between on and
off states.

When the outcome of step 210 is to not start regulation,
input AC voltage is passively rectified using a step 212 for
passively rectifying input AC voltage followed by a step 214
for iteratively determining whether to start active rectifica-
tion. When the outcome of step 210 is to start regulation,
input AC voltage is actively rectified in a step 220 for
actively rectifying input AC current. Step 220 further
includes a step 222 for enabling a pulse width modulator,
e.g. PWM 150, a step 224 for determining a gain factor, and
a step 226 for determining a ramp interval. Determining a
gain factor and/or determining a ramp interval can include
receiving the gain factor. In certain embodiments the gain
has a value of about 2.0. The gain and/or the ramp interval
can be predetermined values resident in a memory 154
(shown FIG. 1) communicative with a processor 152 (shown
in FIG. 1). As will be appreciated, the modulation index of
the PWM control waveform changes correspondingly with
the gain factor during the ramp interval.

Once the gain interval has tolled, the gain factor is held
constant in a step 228, e.g. at a gain factor of 1.0, for
maintaining a constant modulation index. Method 200 also
includes a step 232 for determining whether to stop regu-
lation. If it is determined to continue regulation the constant
gain is maintained. If it is determined to stop regulation, the
PWM is disabled in a step 234 and the rectifier returns to
passive rectification in step 236.

With reference to FIG. 3, method 200 can additionally
include a step 250 for over-modulating a rectifier switch
control voltage generated by the PWM using the gain factor.
Step 250 includes a step 252 for receiving a carrier wave-
form, a step 254 for receiving a modulator waveform, and a
step 256 for scaling the waveform using the gain factor.
Over-modulating a rectifier switch control voltage also
includes a step 258 for inverting any negative portions of the
modulator waveform, thus creating a rectified and scaled
modulator waveform. Additionally, step 250 can include a
step 260 for inverting portions of the waveform created in
step 258 and a step 262 for comparing the waveform created



US 9,473,040 B2

5

in step 260 with the carrier waveform (shown in FIG. 5). The
comparison is used in a step 264 to generate an over-
modulated PWM waveform (shown in FIG. 6).

With reference to FIGS. 4-6, charts of waveforms are
shown according to an exemplary embodiment. FIG. 4
shows a scaled waveform with a sinusoidal waveform. As
received, the incipient waveform has maximum amplitude
of about 1.0 and a minimum amplitude of about -1.0. FIG.
4 shows the modulator waveform following application of a
1.25 gain factor. This increase changes the modulator wave-
form by increasing its maximum and minimum magnitude to
about 1.25 and about -1.25, respectively. FIG. 4 also shows
in dashed line the modulator waveform following inverting
a negative portion of the waveform, resulting in a scaled and
rectified modulator.

FIG. 5 shows a carrier waveform with a triangular shape.
The carrier waveform is constant, the waveform varying
between a peak of 1.0 and a 0.0 minimum. Also illustrated
in FIG. 5 is the resultant modulator waveform following
scaling, rectification, inversion and shifting of the incipient
modulator waveform. As a result of the gain factor, rectifi-
cation, inversion and shifting applied to the incipient modu-
lator waveform, the minimum of the resultant modulator is
about -0.25 volts. This places portions of the resultant
modulator waveform below the carrier wave. Placing por-
tions of the resultant modulator waveform in turn creates
extended intervals without transistor switching following
the start of regulation. As will be appreciated, duration of
these intervals corresponds to the size of waveform portions
below the carrier waveform and the numerical value of the
gain factor applied.

FIG. 6 shows the over-modulated waveform generated
using the comparison of the carrier waveform and modulator
waveform. The modulator waveform is high when the
modulator waveform has greater magnitude than the carrier
waveform and is low when the modulator waveform has
lower magnitude than carrier waveform. Notably, gain fac-
tors above 1.0 increase intervals wherein the modulator
waveform has lower magnitude than the carrier waveform.
This influences the relationship between high and low
intervals on the PWM waveform and changes the intervals
when rectifier switches are in on and off states in the during
the ramp interval subsequent to the start of rectification.

With reference to FIG. 7, a schematic view of logic
modules resident within PWM controller 150 is shown.
Memory 154 (shown in FIG. 1) includes a multiplier module
160, a gain factor generator module 162, a signal rectifier
module 164, a summing module 166, a shift module 168,
and a comparator module 170 in communication with one
another. Although described in terms of software instruc-
tions recorded on a non-transitory machine readable
medium, it is contemplated any one or combination of the
modules can be implemented in software or instructions
recorded on memory 154, circuitry within PWM 150, or a
combination of software and circuitry.

Gain factor generator module 162 is configured to gen-
erate a gain factor that is provided to multiplier 160. In the
illustrated embodiment the gain factor starts at 2.0 and
decreases linearly over a ramp interval to a value of 1.0 once
the ramp interval has tolled. Multiplier module 160 receives
the gain factor and a modulator waveform and scales the
modulator waveform by multiplying the modulator wave-
form by the gain factor. This generates a scaled (or gained)
modulator waveform (shown as a solid line trace in FIG. 4).

Multiplier 160 outputs the scaled modulator waveform to
signal rectifier 164, illustrated in FIG. 7 schematically as an
absolute value function generator. Signal rectifier 164
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receives the scaled modulator waveform and rectifies the
scaled modulator waveform by inverting negative portions
of the waveform (shown as a dashed line trace in FIG. 4).
This generates scaled, rectified modulator waveform that
signal rectifier 164 provides to a negative terminal of
summing module 166.

Summing module 166 receives the scaled, rectified modu-
lator waveform and a shift voltage from shift module 168.
Receiving the scaled, rectified modulated waveform at a
negative terminal inverts the scaled, rectified modulator
waveform, thereby generating a scaled, rectified, and
inverted modulator waveform. Summing modulate 166 fur-
ther adds the shift voltage received from shift module 168 to
the scaled, rectified, and inverted waveform, thereby gen-
erating a scaled, rectified, inverted and shifted modulator
waveform (or resultant modulator waveform) (shown in
FIG. 5). Summing module 166 thereafter provides the
resultant modulator waveform to comparator module 170.

Comparator module 170 receives the resultant modulator
waveform and a carrier waveform (both shown in FIG. 5)
and compares both. The comparison is performed continu-
ously, and based on the comparison, comparator module 170
outputs a binary output including high and low output
voltage. In the illustrated embodiment, the output is a high
voltage, e.g. 1.0 volts, during intervals where the resultant
modulator waveform has a voltage greater than that of the
carrier waveform, and is a low voltage, e.g. 0.0 volts, during
intervals during which the carrier waveform has a greater
voltage than the resultant modulator waveform. The high/
low output voltage is synthesized as a PWM waveform
(shown in FIG. 6) output by PWM controller 150 (shown in
FIG. 1) to rectifier 110 (shown in FIG. 1) for purposes of
controlling the on and off states of the rectifier switches
(shown in FIG. 1).

As will be appreciated by those skilled in the art, higher
gain values correspond to prolonged low voltage intervals in
the PWM waveform. Prolonging low intervals in the PWM
waveform over-modulate the rectifier which in turn reduces
the tendency of some types of rectifiers to overshoot their
target output voltage at the start of regulation (e.g. at the start
of active rectification). Embodiments of the systems and
methods described herein can provide a target output voltage
at the start of rectification under low-load/low-voltage by
using a modulation index less than or equal to 100% at the
start of active rectification to bridge the difference in DC
output voltage during passive rectification (effectively infi-
nite modulation index) and active rectification at 100%
modulation index. This is because during operation in the
linear modulation region, i.e. 0-100% modulation index, the
input current of the rectifier is commutated between a
passive rectification current path (e.g. diodes) and between
an active rectification path (e.g. solid-state switches) once
per carrier wave period. For the lowest possible output DC
voltage, i.e. passive rectification, the input current of the
rectifier stays within the uncontrollable diodes of the passive
rectification circuit. In order to operate at low boost ratios
(i.e. the ratio between the active rectification and passive
rectification DC voltages), over-modulation can be used to
limit the portion of the fundamental cycle that PWM occurs,
thereby achieving boost ratios lower than achievable solely
using continuous switching.

The methods and systems of the present disclosure, as
described above and shown in the drawings, provide for
power converters with superior properties including
improved output voltage control under low load conditions.
While the apparatus and methods of the subject disclosure
have been shown and described with reference to preferred
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embodiments, those skilled in the art will readily appreciate
that changes and/or modifications may be made thereto
without departing from the spirit and scope of the subject
disclosure.

What is claimed is:

1. A method of controlling a rectifier, comprising:

receiving a gain factor;

receiving a ramp interval;

over-modulating a rectifier switch control voltage gener-

ated by a pulse width modulator using the gain factor;

decreasing over-modulation of the rectifier switch control

voltage during the ramp interval by reducing the gain factor;
detecting an end of regulation;

disabling the pulse width modulator; and

passively rectifying received AC voltage.

2. A method as recited in claim 1, further including
determining whether to actively or passively rectify received
AC voltage.

3. A method as recited in claim 1, further including:

detecting a beginning of regulation prior to tolling of the

ramp interval;

enabling the pulse width modulator; and

actively rectifying received AC voltage.

4. A method as recited in claim 1, further including
holding the gain factor constant following the ramp interval.

5. A method as recited in claim 1, wherein decreasing
over-modulation of the switch control voltage includes
decreasing a gain factor of about 2 to about 1.

6. A method as recited in claim 1, wherein decreasing
over-modulation of the switch control voltage includes
decreasing the gain factor linearly during the ramp interval.

7. A method of controlling a rectifier, comprising:

receiving a gain factor;
receiving a ramp interval;
over-modulating a rectifier switch control voltage gener-
ated by a pulse width modulator using the gain factor;

decreasing over-modulation of the rectifier switch control
voltage during the ramp interval by reducing the gain
factor;

receiving a carrier waveform;

receiving a modulator waveform;

scaling the modulator waveform using the gain factor;

full-wave rectifying the scaled modulator waveform;

inverting the scaled and full-wave rectified modulator
waveform;

shifting the scaled, full-wave rectified and inverted modu-

lator waveform; and

comparing the scaled, full-wave rectified, inverted and

shifted modulator waveform with the carrier waveform
to form a rectifier switch control voltage, wherein the
rectifier switch control voltage is high when the scaled,
full-wave rectified, inverted and shifted modulator
waveform has a greater voltage than a voltage of the
carrier waveform.

8. A method as recited in claim 7, wherein the scaled
modulator waveform has a modulation index greater than
100%.

9. A method as recited in claim 8, wherein the modulation
index corresponds to a ratio of a peak amplitude of the
scaled modulator waveform to a peak-to-peak amplitude of
the carrier waveform.
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10. A rectifier system, comprising:
a processor; and
a memory communicative with the processor and having
instructions recorded thereon that, when read by the
processor, cause the processor to:
receive a gain factor;
receive a ramp interval;
over-modulate a rectifier switch control voltage gener-
ated by a pulse width modulator using the gain
factor;
decrease over-modulation of the switch control voltage
during the ramp interval by reducing the gain factor;
detect an end of regulation;
disable the pulse width modulator; and
passively rectify received AC voltage.
11. A system as recited in claim 10, wherein the memory
further includes:
a gain factor generator;
a multiplier module communicative with gain factor gen-
erator;
an inverter and summing module communicative with the
multiplier module; and
a comparator communicative with the summing module.
12. A system as recited in claim 10, further including a
VIENNA rectifier operatively associated with the processor.
13. A system as recited in claim 10, wherein the instruc-
tions further cause the processor to:
passively rectify input AC current using diodes;
detect a start of regulation;
actively rectify input AC current using switch devices
connected to the diodes; and
detect an end of regulation subsequent to tolling of the
ramp interval.
14. A rectifier system, comprising:
a processor; and
a memory communicative with the processor and having
instructions recorded thereon that, when read by the
processor, cause the processor to:
receive a gain factor;
receive a ramp interval;
over-modulate a rectifier switch control voltage gener-
ated by a pulse width modulator using the gain
factor;
decrease over-modulation of the switch control voltage
during the ramp interval by reducing the gain factor;
receive a carrier waveform;
receive a modulator waveform;
scale the modulator waveform by the gain factor;
full-wave rectity the scaled modulator waveform;
invert the scaled and full-wave rectified modulator
waveform;
shift the scaled, full-wave rectified and inverted full-
wave rectified waveform;
compare the scaled, full-wave rectified, inverted and
shifted modulator waveform with the carrier wave-
form to form a rectifier switch control voltage,
wherein the rectifier switch control voltage is high
when voltage of the scaled, full-wave rectified,
inverted and shifted modulator waveform is greater
than voltage of the carrier waveform.
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